Abstract -Background/Aim: Replantation of avulsed teeth may lead to root resorption. Bisphosphonates (BPs), a class of drugs of used to treat resorptive diseases of the bone such as osteoporosis and Paget's disease, have been observed to exert an antiresorptive effect on periodontal bone as well. The antiresorptive properties of BPs could prove them useful in preventing root resorption of replanted avulsed teeth. The aim of this systematic review was to analyze and summarize the currently available literature concerning the use of BPs in preventing root resorption of avulsed teeth. Materials and methods: PubMed/MEDLINE, Google Scholar, ISI Web of Knowledge, and Embase databases were searched using keywords 'bisphosphonate', 'replantation', and 'tooth'. Quality assessment of each study was carried out. In addition, general characteristics and outcomes of each study were summarized. Results: After exclusion of 116 irrelevant articles, 10 animal studies were included in this review. The majority of the studies suggest that surface application of zoledronate or alendronate reduces root resorption of replanted teeth in animal models. Surface treatment with etidronate had no significant effect on root resorption, and intracanal etidronate accelerated resorption. Conclusion: Surface application of zoledronate and alendronate reduces root resorption of replanted teeth in animal models. However, the efficacy of intracanal usage of BPs is still debatable.
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Tooth avulsion is the complete dislodgment of a tooth from its socket, accounting for up to 16% of all dental trauma cases globally (1) . As a result of avulsion, the periodontal tissue structure and the nerve and blood supplies of affected teeth are disrupted. This disruption can lead to necrosis of the dental pulp (2). Consequently, the clinical management of avulsed teeth is highly complex in most cases. Replantation where the tooth is placed back into its socket is the treatment of choice for avulsed teeth (3). According to Andreasen et al. (1) , replantation within 15 min of avulsion ensures the best prognosis. However, if immediate replantation is not possible, the avulsed tooth must be stored in a medium which favors the prevention of further tissue damage (1) . Milk, saliva, saline, and Hanks' balanced salt solution (HBSS) are the recommended media to store avulsed teeth prior to replantation. Unfortunately, due to their lack of awareness, many patients or caregivers often resort to storing the avulsed teeth in inappropriate media or wrapping them in paper towels leading to damage of the root and periodontal ligament. The major consequences of storing avulsed teeth in an unfavorable environment include ankylosis and root resorption (4) . However, the process of root resorption can be inhibited with root surface treatment, such as sodium fluoride, along with application of intracanal medications (e.g., calcium hydroxide) (5) . However, despite the availability of various treatment options, it is currently estimated that avulsed teeth are often lost within 4-6 years following the injury (6) .
Bisphosphonates (BPs) are a class of drugs used to treat resorptive diseases of the bone such as osteoporosis and Paget's disease (7) . There are two types of BPs: nitrogen-containing (nitrogenous) and non-nitrogencontaining (non-nitrogenous). Etidronate, clodronate, and tiludronate are some examples of non-nitrogenous BPs. Alendronate, zoledronate, and risedronate are some commonly used nitrogenous BPs. They exert their antiresorptive effect by inhibiting the activity of osteoclasts (8) . When coated on dental implants, BPs have been observed to decrease marginal bone loss and enhance bone-implant contact (9) . The local application of BPs has also resulted in improved clinical periodontal healing when used as adjunct to scaling and root planing (10) . More recently, BPs have been combined with collagen sponges for the regeneration of postextraction alveolar ridge (11) . An animal study conducted by Levin et al. (12) suggested that BPs may be beneficial in preventing root resorption following replantation of avulsed teeth. Several other researchers have also observed similar antiresorptive effects of BPs on avulsed teeth in animals (13, 14) . However, in some studies, BPs have been reported to have either worse or no significantly better outcomes in the treatment of avulsed teeth (15, 16) . The aim of this systematic review was to analyze the literature to determine the antiresorptive effects of BPs on the outcomes of avulsed and replanted teeth.
Materials and methods
A focused question was constructed according to the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines according to the Prevention, Intervention, Control, Outcomes protocol (17) . The focused question was: 'Does application of bisphosphonates reduce root resorption in replanted teeth?'
The inclusion criteria for this review were as follows: (i) human trials, (ii) animal studies, (iii) prereplantation treatment with BPs, (iv) replantation of teeth, and (v) articles in English. The exclusion criteria were as follows: (i) letters to the editor, (ii) articles with only in vitro studies, (iii) reviews, and (iv) short commentaries.
An electronic search was conducted via PubMed/ MEDLINE using keywords 'bisphosphonate', 'replantation', and 'tooth' in various combination for studies published between January 2000 and September 2016 by two investigators, S.N. and F.S, independently using the medical subject headings (MeSH) terms: ("tooth replantation" OR ("tooth"[All Fields] AND "replantation"[All Fields]) OR "tooth replantation"[All Fields]) AND ("diphosphonates" OR "diphosphonates"[All Fields] OR "bisphosphonate"[All Fields]). The search filters were applied to include the type of studies in the eligibility criteria. Google Scholar, ISI Web of Knowledge, and Embase were also searched using the same keywords. Articles found in the primary search were filtered according to the eligibility criteria by reading their titles and abstracts. After screening and excluding irrelevant studies, full texts and reference lists of selected studies were read to include studies for qualitative analysis and any additional studies meeting the selection criteria. The reference lists of the included studies were searched manually to identify any additional relevant studies. Any disagreements were solved by discussion. Corresponding authors were contacted to record any missing or unclear characteristics of the studies.
The quality of the selected studies was assessed via a modified version of quality assessment methods reported by Jadad et al. (18) and Antczak et al. (19) to assess any risk of bias in the included studies. Predetermination of sample size, blinding, measurement of appropriate statistics, adequate measurement methods, method error analysis, and description of any animals lost to the study were considered to give each study a score of low, medium, or high.
Results
The primary search resulted in 120 articles. After applying the exclusion and inclusion criteria, full texts of 14 articles were retrieved. Ten articles, listed in Tables 1 and 2 , were included in this review for qualitative analysis (12) (13) (14) (15) (16) (20) (21) (22) (23) (24) , after exclusion of four articles (25) (26) (27) (28) . The kappa value for inter-rater reliability was calculated as 0.818. The search methodology and screening processes are illustrated in Fig. 1 . The data of studies were extracted and recorded, as shown in Table 1 . The dry time for two studies (20, 24) could not be determined from the reports or by contacting the relevant authors. The results of quality assessment are presented in Table 2 . The excluded studies along with reasons are listed in Table 3 . All studies were animal studies. The selected studies along with their general characteristics and outcomes are summarized in Table 1 . The number of animal subjects ranged from 5 to 100 (12) (13) (14) (15) (16) (20) (21) (22) (23) (24) . Eight studies used rats (13, 14, 16, (20) (21) (22) (23) (24) , one study used dogs (12) , and one study used monkeys (15) . Prereplantation drying ranged from 0 to 75 min (12) (13) (14) (15) (16) (20) (21) (22) (23) (24) . The number of teeth involved in the studies ranged from 6 to 100 (12) (13) (14) (15) (16) (20) (21) (22) (23) (24) . The duration of the studies ranged from 21 days to 4 months (12) (13) (14) (15) (16) (20) (21) (22) (23) (24) . Apart from two studies in which intracanal BPs were used (15, 16) , in all the other studies, BPs were applied on the root surfaces (12) (13) (14) (20) (21) (22) (23) (24) .
In 8 (80%) of the selected studies, surface application of alendronate prevented root resorption (12) (13) (14) (20) (21) (22) (23) (24) . In two studies (20%), intracanal alendronate had no significant effect on root resorption (16), while intracanal etidronate accelerated resorption (15) . In one study, surface application of zoledronate was more effective in preventing root resorption than alendronate, and 20 lM of zoledronate had a higher efficacy than 1, 5, 10, and 40 lM of zoledronate (13). Etidronate was not effective in preventing root resorption (15, 21) .
Six studies were given a quality grade of 'low' (13, 16, 20, (22) (23) (24) . Two studies received a grade of 'medium' (12, 14) , and two studies received a grade of 'high' (15, 21) .
Discussion
Root resorption and ankylosis are the main complications of delayed implantation of teeth. Following luxation and avulsion, pulp tissue undergoes necrosis. Bacterial contamination of the necrosed tissue, coupled with damaged cementum, results in external inflammatory resorption of the root (29) . External root resorption is more common in younger patients because of Table 1 . Effect of bisphosphonates on root resorption wide dentinal tubules which make bacterial contamination easier (30) . Once the resorptive process exposes dentine, the intraradicular bacteria can enter the periodontal tissues, triggering release of pro-resorptive inflammatory factors and an increased osteoclastic activity which leads to resorption of bone (29, (31) (32) (33) .
The main factor governing the outcome of tooth transplantation is the dry time following avulsion. It has been reported that once the dry time exceeds 15 min, the likelihood of external replacement root resorption increases (34) . Avulsed teeth are highly unlikely to survive replantation if the dry time exceeds 60 min and if not stored in a suitable medium (5, 30, (35) (36) (37) (38) . BPs have been observed to inhibit bone resorption by inhibiting the proliferation and activity of osteoclasts by triggering their apoptosis (8, 39) . Additionally, BPs also stimulate the production of osteoblasts leading to enhanced bone formation (40) . So far, three BPs have been used to inhibit postreplantation bone resorption: alendronate (12) (13) (14) (20) (21) (22) (23) (24) , zoledronate (13, 14, 21) , and etidronate (15, 21) . However, the clinical use of BPs in dental practice has been limited because they may cause medicationrelated osteonecrosis of the jaws (MRONJ) following extraction and oral surgical procedures (41) . Nevertheless, more recent animal studies have demonstrated that the local use of BPs not only failed to trigger MRONJ, but may also enhance osseointegration of dental implants (42) . This association between decreased external root resorption and the local application of bisphosphonates has also been reported by studies selected in this review (12) (13) (14) (20) (21) (22) (23) (24) . Histological examination has revealed that alendronate and zoledronate both reduce periapical external root resorption after replantation of teeth (12) (13) (14) (20) (21) (22) (23) (24) . In the study by Yoo et al. (13) , 20 lM of zoledronate was more effective in reducing the size of the periapical radiolucency when compared to 1 lM alendronate. This is in accordance with earlier studies in which zoledronate displayed a higher potency compared to alendronate (43) . One possible reason for this could be that zoledronate has a higher affinity for hydroxyapatite (HA), the mineralized component of bone and teeth (44) . Another advantage of using zoledronate is the significantly lower dose (0.01 mM to 20 lM) required compared to alendronate (1 mM) (13, 14) . In the study by Mori et al. (14) , when compared to surface application of NaF, root treatment with zoledronate improved the outcomes of using Ca(OH) 2 as an intracanal medicament prior to tooth replantation to prevent root resorption. Hence, zoledronate may prove to be an inhibitor of postreplantation root resorption after up to 60 min of extra oral dry time (13) .
Although surface treatment with zoledronate and alendronate has yielded favorable outcomes, the intracanal use of etidronate and alendronate resulted in worse or insignificant outcomes, respectively (15, 16) . So far, no studies have been able to establish why BPs are ineffective as intracanal agents. One possible reason may be the difference in the interaction of BPs with bone and radicular dentine observed in the study by Basso et al. (45) who observed a dose-dependent cytotoxic effect of zoledronate on odontoblast-like cells in vitro. Therefore, more studies are required to ascertain the intracanal efficacy of BPs before they may be used as intracanal medicaments to prevent replacement resorption following avulsion and replantation.
To date, only three BPs have been used to prevent external root resorption. Two of these, zoledronate and alendronate, are nitrogen-containing BPs, and the other, etidronate, is non-nitrogenous. Etidronate, whether used intracanal or on the root surface, was ineffective in preventing root resorption (15, 21) . Studies comparing other nitrogenous and non-nitrogenous BPs should be carried out to investigate any link between the nitrogen content and the antiresorptive properties of BPs.
The microflora of replanted teeth treated with BPs was not investigated in the studies reviewed. In prior studies, clodronate (non-nitrogenous) and pamidronate (nitrogenous) were reported to enhance adhesion of Streptococcus aureus when coated on hydroxyapatite (46) . Hence, the increased adhesion of bacteria may hamper the long-term efficacy of BPs. The interaction between bisphosphonate-bound hydroxyapatite and bacteria should be the focus of future research.
Although the surface application of BPs has been observed to reduce root resorption (12) (13) (14) (20) (21) (22) (23) (24) , there are still some limitations noted. As shown in Table 2 , only four studies earned medium or high quality assessment grades (12, 14, 15, 21) . None of the studies included a statistically calculated sample size, and only three studies blinded their investigators to the materials and samples (14, 15, 21) . The absence of these may have led to biased outcomes. Positive results in animal studies do not necessarily translate to favorable clinical outcomes. Hence, well-designed animal and human studies are required to establish the efficacy, safety, and dosage of BPs for the prevention of root resorption in human subjects.
Conclusion
Surface application of zoledronate and alendronate reduces root resorption of replanted teeth in animal models. However, the efficacy of intracanal usage of BPs is still debatable. Table 3 . Excluded studies, along with reasons
Study
Reason for exclusion Martins et al. 2015 (25) In vitro assessment only Ferreira et al. 2010 (26) BPs not used Mori et al. 2009 (27) Tooth replantation not carried out Moreira et al. 2005 (28) Tooth replantation not carried out BPs, bisphosphonates.
